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Abstract. Under the effects of an extreme electric field, the atoms on a metallic surface
evaporate by breaking their bonds with the surface. In this work, we present the effects of a high
electric field, by the use of computational simulations, for different metallic surface chemistries:
Al, Au, Ag, and Pd. To model this bond breaking procedrure (i.e. field evaporation), we
use density functional theory through the Quantum-Espresso (QE) simulation package, which
incorporates the electric fields by adding a saw-like funcion into the Hamiltonian. This approach,
known as dipole correction, was applied to all simulations as is implemented in the QE package.
In this work, we calculate the evaporation field (Fe) for all metallic species, which corresponds to
the mean field at which atoms can break their bonds from the surface and evaporate. This result
is compared with experimantal data from Atom Probe Tomography (APT) and computational
data from prior simulations.
1. Introduction
The presence of high electric fields on the order of a hundred MeV/m is becoming increasingly
common as science and engineering continues to push characterization boundaries. These
kinds of electric fields are observed in particle accelerators, field emission microscopes, field ion
microscopes, and atom probes, among others [1, 2, 3, 4]. The presence of these high electric fields
on the surface induces the field evaporation phenomena on the surface. The field evaporation
phenomena on a metal surface, in which atoms are evaporated under the effects of high electric
fields, were first reported by Mu¨ller on a specimen tip in a Field Ion Microscope [2]. Nowadays,
field evaporation plays a crucial role in Atom Probe Tomography experiments [5] and theory [6].
Also there is a growing relevance of this phenomena on computational simulations based on first-
principles, and the link between simulated Fe values and experimental results [7, 8, 9, 10, 11],
alongside the variety of atomic effects on the surface triggered by field evaporation that can be
analyzed with this technique. The Fe plays an important role, particularly in the reconstruction
process of the experimental data provided by APT experiments, and it is well established that
preferential evaporation plays an important role in the quantitative interpretation of atom probe
images [12, 13, 14, 15].
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Field evaporation is usually considered as a thermally activated process [7, 9] in which the ion
escapes over a potential barrier. The height of the activation energy (Q) for field evaporation
is dependent on the electric field(F ) and decreases with increasing field strength, as shown in
Figure 1. As the external electric field increases from zero, the activation energy (Q) decreases
and is accompanied by the formation of a hump. The electric field at which the hump just
disappears is called the critical evaporation field (Fe) at 0K. Two principle models to describe
the process have been deeply studied, (a) the classical image hump, and (b) the non-classical
charge-draining hump [16, 17]. Multiple limitations are associated with these models. The
classical image-hump model is not applicable to field evaporation [16], as the hump is almost
always assumed to be physically a charge-draining hump. On the other hand, when the ad-atom
is evaporated, the overall charge around the ad-atom decreases, and the atoms are expected
to be positive ions; however, due to the nature of density functional theory (DFT) [18], the
charge state of the evaporating atoms cannot be determined exactly by using the conventional
formalism [9].
Figure 1. Schematic potential energy for pulling out an atom as a function of distance to the
surface of the sample. The energy barrier Q decreases with increasing electric field. The black
line represents the potential energy when there is no electric field. The red line represents the
potential energy when electric field F is less than the critical evaporation field Fe, and the energy
barrier decreases and is accompanied by the formation of a hump. The green line represents the
potential energy when F is very close to Fe; this is the field at which the energy barrier (i.e., the
hump) disappears. Finally, the blue line represents the potential energy when F greater than
Fe is applied (please view color online). For all curves, zero energy is chosen at the equilibrium
position of the ad-atom.
This work provides a value of the evaporation field Fe for four different metallic surfaces:
Al, Au, Ag, and Pd. The values are obtained through DFT, which is one of the most relevant
techniques used to understand phenomena at the atomic level because it is able to incoporate the
atomic core, valence electrons, and relativistic effects in the process. Our results are compared
with experimental data from APT and computational data from prior simulations [10, 7]. In
our work, two different surface orientations for each surface, < 111 > and < 100 >, have been
considered.
In this paper the Fe obtained for different metallic surfaces is correlated to experimental
and simulation results. We use DFT calculations to model the energetics of field evaporation
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based on our previously developed methodology [10]. the rest of the document is organized
as follows: The next section gives a description of the computational procedure used in the
simulations; Section 3 shows the results for all of the metallic surfaces; and finally section 4
presents a discussion and conclusions of our work, along with future scopes.
2. Computational procedure
The surfaces of all different metallic compounds were built using 25 and 21 atoms for < 111 >
and < 100 > directions, respectively. Figure 2 shows a representative structure for gold in the
< 111 > direction. All slabs were located in the middle of a supercell with a vacuum region of
15A˚ to the borders of the supercell in the z-axis. The structure sizes were considered smaller
than other simulations, which have effects related to the periodicity of the cell and size. This
allow us to simulate a large amount of data, as described in a previos work [10], and can take
8 to 10 times the regular time of a DFT simulation dye to the incorproation of a high electric
field. In spite of this, the behavior of the field evaporation Fe for all the metallic compounds
compares favorably with the reconstruction values.
(a) Au 100 (b) Au 111
Figure 2. Representative (a) < 100 >/Au and (b) < 111 >/Au surface structures with an
ad-atom on the surfaces in the z−direction.
The computational simulations were all performed using the Quantum-Espresso code [19]
(QE) under the generalized gradient approximation (GGA). Metallic atoms were all represented
by the Vanderbilt ultrasoft pseudopotential scheme. Convergence of energy and k-point mesh
size were evaluated for each case. The energy cut-off used for each atomic species was 25, 40, 25,
and 35 Rydberg for Ag, Al, Au, and Pd, respectively The k-point number used was 12x12x12 for
the Au case and 8x8x8 for all of the rest. The Marzari-Vanderbilt [20] scheme was used for the
simulations. The electric field was incorporated as an additional term in the Hamiltonian and
was applied to all simulations using the dipole correction [21], implemented in the QE package.
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In order to build the initial surfaces, we calculated the lattice parameters of all the metals by
using the Bulk modulus. To proceed, a hydrostatic compression and expansion was used on a
single lattice of each metal. With this information, we are able to determine the energy variation
versus volume. With the results, we obtain the bulk modulus by fitting to the Murnaghan’s
equation of state [22]. The determined cell parameters and bulk modulus are presented in table
1.
Table 1. Calculation of bulk modulus B and lattice parameter a, as compared with data
provided by other experimental and theoretical works.
Metal B[GPa] [23] B[GPa]This work a[A˚] [24] a[A˚] This work
Ag 0.69 0.61 4.085 4.149
Al 0.47 0.46 4.049 4.056
Au 0.99 0.86 4.078 4.174
Pd 1.25 1.13 3.890 3.964
The parameters are in good agreement with experimental results [25] and with previous first
principles simulations [26, 10]. These results were used to build the initial structures. Four
different slabs for < 111 > and < 100 > directions were built. They are composed of five layers,
with an additional ad-atom on the surface. The direction perpendicular to the surface was
chosen as the z direction. The slab was placed in the middle of a super-cell along the z direction
and the vacuum spaces between the slab and the super-cell boundaries are equivalent to 15A˚.
All the structures (surfaces with ad-atoms) were relaxed with an ionic relaxation process, by the
bfgs quasi-newton method without cell variation. The convergence criteria was set under the
condition that the atomic forces on every atom are lower than 1.0× 10−3 (in atomic units) for
all directions.
As a function of the position of the ad-atom on the surface, the total energy of the system
(surface and ad-atoms) was calculated under the influence of 12 different electric fields ranging
from 0 to 49V/nm for Au and 0 to 27 V/nm for all other cases. The displacement of the ad-atom
has been realized between −0.8A˚ and 6.0A˚ from the equilibrium position of the ad-atom. A
seven-parameter function [7], at equation 1, was adopted here to fit the energy curve for the
system formed by the evaporating atom and the slab under a particular electric field. In this
equation, z is the position of the ad-atom, and a to h are parameters determined numerically.
E(z) = (a+ bz + cz2 + dz3) exp (−fz) + g + hz (1)
Fe for each metallic surface has been calculated using a previously developed methodology
[10]. We determined the variations of the hump-height in the presence of different electric fields
(F ). A sigmoid function, as shown in equation 2, has been used to fit the behavior of the hump-
height under the effects of different electric fields, which have been shown to be a standard
funtion in the phenomena [27, 10]. By numerical fit to the equation 2, we can evaluate the field
evaporation value Fe for each type of metal surface.
H(F ) = a+
k − a
(1 + q exp (−b(F −m)))(1/n) (2)
The following section shows the results for energies as a function of the ad-atom displacement
and the evaporation field for each atomic configuration, and the conection of this with the Fe
value.
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3. Results
3.1. Evaporation Fields
A representative figure of the energy as a function of the displacement of the ad-atoms
is presented. Figure 3 shows the energy required for evaporating an Au ad-atom from a
< 111 >/Au surface as a function of the position of the ad-atom; wherein, each curve indicates
a given electric field. The curves have been displaced in order to have better visual inspection
of how the energy barrier decreases with increasing external electric field values.
Figure 3. Energy as a function of the position of the ad-atom. Each curve represent a different
intensity of the electric field. In order the electric field increases we observe the hump disappear,
at the time hump completely disappear, then the ad-atom on the surface is evaporated.
A similar process is made for all different metallic surfaces in the direction < 111 >. For
each curve, a fitting process of the data with equation 1 is used. A numerical analysis helps us
to determine the the maximum and minimum of each curve in order to evaluate the hump in
the sample. The results for all < 111 > surfaces are presented in Figure 4.
Figure 4. Energy as a function of the position of the ad-atom. Each curve represents a different
intensity of the electric field. The electric field increases as we observe the hump disappear, and
at the time the hump completely disappears then the ad-atom on the surface is evaporated.
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The Figure 4 shows the variation of the hump in the ad-atom energy bond as the electric
field is increased. The values of field evaporation for each case correspond to the zero hump
for each curve for Al, Ag, Pd, and Au. We obtain Fe values of 27, 36, 48, and 54 V/nm
respectively. In the particular case of Al, the lowest field evaporation observed is larger than
expected. It has been shown in a previous work [10] that the largest slabs geometries result in
lower field evaporation than the value obtained in the present work, and even lower than the
regular value used for the reconstruction process (21 V/nm) in experiments. This means that
the very local neighborhood of the ad-atom is responsible for the field evaporation necessary
to remove the atom, and the effects of the periodicity based on the used methodology affects
the field evaporation value, despite the distance between the atoms. It is also expected that
vacancies, steps, or different ad-atom configurations modify this value [11].
For the case of < 100 > surfaces, a similar procedure as previously described was made in
order to obtain the variation of the hump for each metallic surface. Figure 5 presents the results
of the variation of the hump for this case.
Figure 5. Energy as a function of the position of the ad-atom. Each curve represents a
different intensity of the electric field. In order: the electric field increases, we observe the hump
disappear, then the time hump completely disappears, and finally the ad-atom on the surface is
evaporated.
As in the previous case for the < 111 > direction, a clear order of the different metals is
observed for the Fe: Au > Pd > Ag > Al. The table 2 shows the Fe for the different surfaces
and the values used as a reference in the reconstruction process in the experimental procedures.
We observe a clear difference established between the determined values provided from the
DFT procedure and the reference values for the reconstruction. However, the procedure for small
size surfaces is still a good representation of the magnitude of order for all of the materials. This
ordering of the evaporation fields has been attempted previously [27]; in that case, the values
were almost correct with the exception of the ordering of Au and Pd. In our case, with the
methodology described, we are able to reproduce the order as expected. It also has been well
demostrated that the values obtained by this technique typically overestimates the values of Fe
which are evaporated mostly from pristine surfaces [7, 10, 11] and do not consider the presence
of imperfections at the surface like vacancies, steps, and grain boundaries, among others. For
all cases, no difference larger than 3 V/nm is observed, which is larger for the Au and Pd cases.
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Table 2. Fe values obtained for two different surfaces and four different metallic species.
Despite the similar values for the two directions, there are still important differences in the
cases of Pd. Comparison shows a clear difference with references taken from the values used in
the reconstruction process.
Metal Fe for < 111 > Fe for < 100 > Ref Fe
Ag 35 33 24
Al 27 27 19
Au 54 52 53
Pd 48 51 37
4. Conclusions
A well established process is used to estimate the critical evaporation field of a (111) and (100)
oriented surface for four different metallic specimen: Al, Ag, Pd, and Au. A critical evaporation
field (Fe) is obtained using the proposed approach. The estimated evaporation field shows
differences with previos simulations based on the size of the surfaces used. Additionally, it is
well-known that differences are expected because of the use of pristine surfaces which omit the
presence of imperfections at the surface. Despite the differences in the comparison of each Fe,
which is motivated by simulation times using the incorporation of high electric fields, a behavior
congruent with all metals is observed and easily related to the reconstruction field parameter
(F ) with all metals. We observe also how this methodology reproduces the expected order for
each metal in terms of Fe, and how the changes for different directions do not strongly affect
the values necessary to evaporate the atoms.
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